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Abstract
The presence and the nucleotide sequence of four multidrug resistance genes,
lmrA, lmrP, lmrC, and lmrD,were investigated in 13 strains of Lactococcus lactis ssp.
lactis, four strains of Lactococcus lactis ssp. cremoris, two strains of Lactococcus
plantarum, and two strains of Lactococcus raffinolactis. Multidrug resistance genes
were present in all L. lactis isolates tested. However, none of them could be detected
in the strains belonging to the species L. raffinolactis and L. plantarum, suggesting a
different set of multidrug resistance genes in these species. The analysis of the four
deduced amino acid sequences established two different variants depending on the
subspecies of L. lactis. Either lmrA, or lmrP, or both were found naturally disrupted
in five strains, while full-length lmrD was present in all strains.
Introduction
Bacterial resistance to drugs is one of the major causes of
antibiotic treatment failure against pathogenic infections.
Microorganisms have developed various strategies to resist
the effect of cytotoxic substances. In some cases, this
resistance can be mediated by multidrug resistance (MDR)
transporters, membrane proteins that actively extrude nox-
ious compounds with very different chemical structures and
cellular targets from the cell (Putman et al., 2000b). Multi-
drug transporters can be amplified in drug-resistant micro-
organisms, and can shift their drug profiles, making them a
notorious menace to drug treatment (van Veen et al., 1999).
These proteins can be classified into two groups. In ATP-
binding cassette (ABC) transporters, the transport is driven
via the hydrolysis of ATP, whereas the activity of secondary
transporters is dependent on the transmembrane electro-
chemical gradient, typically the proton motive force
(Putman et al., 2000b).
During the last decade, Lactococcus lactis has become one
of the most important species to study MDR transporters in
gram-positive bacteria. Currently, five MDR transporters
have been described in this microorganism. LmrA (van Veen
et al., 1996), LmrB (Gajic et al., 2003), and the hetero-
dimeric transporter LmrCD (Lubelski et al., 2004) belong
to the ABC transporter family, whereas LmrP is a proton-
dependent secondary transporter (Bolhuis et al., 1995),
and Mdt(A) shares sequence homology with both ABC and
secondary transporters (Perreten et al., 2001). LmrB
and Mdt(A) are plasmid-encoded proteins, whereas LmrA,
LmrP, and LmrCD are encoded in the chromosome. Ex-
tensive biochemical and functional studies have been carried
out for LmrA, LmrP, and LmrCD, leading to a solid knowl-
edge of their functional properties and substrate specifici-
ties. However, the plasticity of the genes coding for these
proteins and its abundance in the genus Lactococcus has
never been investigated. Thus, this study examines the
presence of these four MDR genes in several Lactococcus
strains isolated in 60 years.
Material and methods
Strains and growth conditions
A total of 21 Lactococcus strains from dairy and vegetable
origins, including two strains of Lactococcus plantarum
(LMG 8517T and LMG 11686), two strains of Lactococcus
raffinolactis (LMG 13095T and LMG 13098), nine strains of
Lactococcus lactis ssp. cremoris, and eight strains of Lactococ-
cus lactis ssp. lactis (Table 1), isolated in different places
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around the world, were used to analyze systematically the
presence of MDR genes and their nucleotide sequences.
Cells were cultivated at 30 1C in M17 broth (Oxoid) with
0.7% glucose.
DNA purification and PCR analysis
Total DNA was extracted from overnight cultures of Lacto-
coccus using a GenElute Bacterial Genomic DNA kit (Sigma)
following the manufacturer’s instructions. Primers LmrA-f
(GAAAGAGGTCCACAAATGGCCAATCG) and LmrA-r
(CAACAGTCAATTGTTCTGAAACATATTTAGC), LmrP-f
(GTATGAAAGAGTTTTGGAATTTAGAC) and LmrP-r
(GTTTTCTGATGTCTATTTACAGCAACAAG), LmrC-f
(GAAGCATAAATGGGTTGCCTTATTCTCAATCG) and
LmrC-r (GTCCTCCTGTGCTTTCTGTGTGTCGTAG), and
LmrD-f (GAAAATACCAAATCAACAAGAAAAATGTCT
GACAC) and LmrD-r (CAAAAACAAATTGATTGTGA
TAAAGTTCAGAGTAG) were used to amplify the genes
lmrA, lmrP, lmrC, and lmrD, respectively. At least 99.2% of
the full-length nucleotide sequence of the four genes was
amplified with this set of primers. The intergenic DNA
region between LmrC and LmrD was amplified with the
primers LmrCD-f (GTTAAAAATCCAAATGTCTT) and
LmrCD-r (AGCATGTTGATGTGTAAAGAAG).
For species and subspecies determination, PCR primers
Y1 (TGG CTC AGG ACG AAC GCT GGC GGC) and Y2
(CCT ACT GCT GCC TCC CGT AGG AGT) were used to
amplify a 348 bp internal fragment of the 16S rRNA gene of
all Lactococcus strains, as described previously (Ward et al.,
1998).
Sequencing and bioinformatic analysis
Both DNA strands of the polymerase chain reaction pro-
ducts were directly sequenced, carried out by the Servicio
de Secuenciacio´n de DNA (Centro de Investigaciones
Biolo´gicas, Consejo Superior de Investigaciones Cientı´ficas)
with an ABI Prism 377 sequencer (Applied Biosystems).
DNA and the deduced protein sequences were analyzed
using the computer program Vector NTI (InvitrogenTM Life
Science Software). Homology trees were constructed with
the DNAMAN software (Lynnon Corporation). Homology
searches were carried out using the BLAST server of the
National Center for Biotechnology Information at the
National Institutes of Health (Bethesda, MD) (http://
Table 1. Lactococcus lactis strains used in this study
Strain Biological origin
Isolation year
(or first reported)
Previous
identification
16S RNA genetic
identification
% Protein identity
LmrAw LmrPw LmrCz LmrDz
NCDO 712 Cheese starter 1955 cremoris cremoris 100 100 95.8 97.1
IL 594 Cheese starter 1984 lactis lactis 96.6‰ 96.0‰ 100 100
NCIMB 700495 – 1948 cremoris cremoris (97.5) (96.8) 95.8 97.3
NCIMB 700608 – 1937 cremoris cremoris (97.5) (96.9) 95.8 97.3
NCIMB 10493 – 1936 lactis cremoris 100 99.5 95.8 97.3
NCIMB 6681T Plant material 1940 lactis lactis 96.8 97.0 99.7 99.8
CHCC 1416 Raw milk 1959 lactis lactis 96.6 (91.3) 99.7 100
CHCC 1418 Raw milk 1959 cremoris lactis 96.4 96.8 99.7 100
CHCC 7524 Dairy 1957 cremoris lactis 96.4 96.5 99.8 99.8
CHCC 7526 Dairy, raw milk 1958 cremoris lactis (88.5) 96.8 99.5 99.8
CHCC 7532 Raw milk 1959 cremoris lactis 96.6 (91.5) 99.7 100
CHCC 7533 Dairy 1957 cremoris lactis 96.6 96.5 99.8 99.8
LMG 8526 Chinese radish 1977 lactis lactis 96.4 97.0 99.0 100
LMG 8527 Frozen peas 1978 lactis lactis 96.4 97.3 ND 100
LMG 9446 Frozen peas 1966 lactis lactis 96.8 97.3 99.7 100
IPLA 2A14 Dairy products 1995 lactis lactis 96.6 97.0 99.7 99.8
IPLA 2A34 Dairy products 1995 cremoris lactis 96.6 96.8 99.7 100
For those genes whose ORF was interrupted, percentage of DNA identity (in brackets) is represented instead of protein identity.
wPercentage of identity respect to LmrA and LmrP from L. lactis ssp. cremoris NCDO 712 (accession numbers U63741 and X89779, respectively).
Lactococcus lactis ssp. cremoris NCDO 712 was used as a control for the sequencing of lmrA and lmrP, as this is the original strain in which these two
genes have been described.
zPercentage of identity respect to LmrC and LmrD from L. lactis ssp. lactis IL 594 (accession number AE006268). Lactococcus lactis ssp. lactis IL 594 was
used as a control for the sequencing of lmrC and lmrD, as this is the original strain in which these two genes have been described.
‰Based on accession number AAK04809.1 (for LmrA) and AAK06263.1 (for LmrP).
NCDO, National Collection of Dairy Organisms, Reading, UK; NCIMB, National Collections of Industrial and Marine Bacteria Ltd., Aberdeen, Scotland;
CHCC, Christian Hansen Culture Collection, Hrsholm, Denmark; LMG, Universiteit Gent/Belgium Co-ordinated Collection of Microorganisms, Gent,
Belgium; IPLA, Instituto de Productos La´cteos Collection, VIllaviciosa, Asturias, Spain; ND, not detected; –, not known.
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www.ncbi.nlm.nih.gov) and the software available on the
Web page of the Poˆle-Bioinformatique Lyonnais (Lyon,
France) (http://pbil.univ-lyon1.fr/). All the sequences of the
MDR genes were deposited in the GenBank database
(accession numbers from DQ516910 to DQ516970).
Results and discussion
For the L. lactis strains, amplicons with the expected size
were obtained for all genes, excluding lmrC from L. lactis
ssp. lactis LMG 8527. However, no PCR products could be
obtained for any of the strains belonging to the species
L. raffinolactis and L. plantarum. Taking into account the
considerable phylogenetic distance existing between these
two species and L. lactis (Pu et al., 2002), this likely indicates
that the set of MDR genes in L. raffinolactis and L. plantarum
is different from those of L. lactis. The partial sequence of
the 16S rRNA gene from L. lactis strains allowed us to
reclassify the 17 L. lactis strains, 13 belonging to the sub-
species lactis and the other four belonging to the subspecies
cremoris (Table 1). Moreover, the analysis of the four
deduced amino acid sequences allowed us to nicely establish
two different groups according to the subspecies they
belong: lactis or cremoris (Fig. 1).
The ABC transporter LmrA was found to confer resis-
tance to more than 20 different antibiotics (Putman et al.,
2000a) and is able to transport several cytotoxic drugs
(Margolles et al., 1999; van Veen et al., 2000). LmrP confers
resistance to lincosamides, macrolides, streptogramins, and
tetracyclines (Putman et al., 2001). Genes coding for both
proteins were present in all the strains. However, for the
L. lactis strains analyzed in the present work, the ORF of
LmrC
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Fig. 1. Homology trees of deduced protein sequences of LmrA, LmrP, LmrC, and LmrD. The distances among the different strains are percentages of
different residues. Proteins for which the coding DNA sequence was interrupted are not represented in the graphic. Lactococcus lactis ssp. cremoris
strains are represented in bold letters.
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lmrA was disrupted in the strain CHCC 7526 and the same
was found for lmrP in the strains CHCC 7532 and CHCC
1416. Remarkably, the sequences of both genes were dis-
rupted in the strains NCIMB 700495 and NCIMB 700608
(Table 1). In relation to this, it is known that the deletion of
lmrA (Lubelski et al., 2004) or lmrP (Bolhuis et al., 1995)
does not significantly alter the ability to secrete some drugs
from the cell, suggesting that these transporters are not
essential for some cell functions and probably other MDR
proteins can take over their roles in L. lactis. It is noteworthy
that in several of our L. lactis strains, mutations changing
amino acid residues that could be involved in the activity of
LmrA (V304A in the transmembrane segment VI in all L.
lactis ssp. lactis strains) and LmrP (D128A in the cytoplas-
mic loop between transmembrane segment IV and V in L.
lactis NCIMB 6681) were found (Mazurkiewicz et al., 2002;
Poelarends & Konings, 2002), which may affect the substrate
specificity and activity of the transporters. With respect to
LmrCD, it is composed of two polypeptides, LmrC and
LmrD, that bind in the membrane to constitute the func-
tional unit of this transporter, a heterodimer (Lubelski et al.,
2004). Full-length lmrC and lmrD were found in 16 of the 17
L. lactis strains used in this work, whereas lmrD, but not
lmrC, was found in the remaining strain. The intergenic
region was constituted of 3 bp (GAC) for the 16 L. lactis
strains in which both genes were identified. No interrup-
tions in the ORFs of both genes were found for any of the
strains. Recently, it was shown that mutation of the putative
catalytic residue in the ATP-hydrolyzing domain of LmrC
did not strongly interfere in the transport activity of the
LmrCD complex, whereas when the same mutation was
introduced in LmrD drug transport of the LmrCD hetero-
dimer was abolished (Lubelski et al., 2006). Relating to this,
it was found that some ABC transporters can act as homo-
as well as heterodimers (Liu et al., 1999), although this fact
remains to be studied in detail for LmrCD. Remarkably, it
has been previously found that deletion of lmrC and lmrD
deeply modified the susceptibility of L. lactis to drugs (van
den Berg van Saparoea et al., 2005), suggesting that this
MDR transporter is indeed necessary to maintain some cell
functions and it could be a housekeeping protein.
MDR genes are thought to be present in all living cells.
Currently, the genome sequence of more than 250 bacteria is
publicly available, and in all of them MDR homologs have
been found. The function of these transporters has always
been very controversial. In L. lactis, LmrA, LmrP, and
LmrCD constitute, probably together with other MDR
proteins whose function remains to be investigated, the first
physical barrier of defense against cytotoxic compounds.
While some authors have suggested that the primary role of
these pumps is to confer resistance to antibiotics and drugs;
others support the hypothesis that they have a pre-existing
physiological function (such as protection against toxic
hydrophobic molecules encountered in the natural environ-
ment of many organisms or the transport of specific
metabolites) and the efflux of relevant antimicrobial com-
pounds can be achieved merely opportunistically (Grkovic
et al., 2002). Toxic compounds have always been part of the
natural habitat of microorganisms, and the presence of
MDR among pathogenic and nonpathogenic microorgan-
isms suggests that MDR mechanisms did not arise recently
in response to antimicrobial chemotherapy. This work
indeed supports this hypothesis. In fact, LmrA was shown
to transport fluorescent phosphatidylethanolamine, a phos-
pholipid very abundant in biological membranes (Margolles
et al., 1999), and to substitute functionally for the lipid A
transporter MsbA in Escherichia coli (Reuter et al., 2003).
Other prokaryotic and eukaryotic MDR transporters are
also involved in lipid transport (Pohl et al., 2004). In
addition, among the recent findings regarding LmrA phy-
siological role, it has been shown that this transporter
mediates the cotransport of drugs and protons, and its
activity significantly affects the intracellular pH of L. lactis
(Venter et al., 2003; Shilling et al., 2005). We have shown
that the MDR transporters of L. lactis have been almost
unchanged since more than 70 years ago, even before the
beginning of the antibiotic era and before some of the more
widely used antibiotics or cytotoxic drugs that are substrates
of these transporters, such as the semi-synthetic dye ethi-
dium bromide, were synthesized (Swartz, 2000). This sug-
gests that the MDR transporters of L. lactis have a main
physiological function, probably related to their environ-
ment, such as vegetables, in which alkaloids, other MDR
substrates, are very abundant (Lewis, 2001; Krulwich et al.,
2005).
In short, these findings open some questions about the
physiological role of these MDR transporters in the natural
environment of L. lactis, vegetables, and dairy-based pro-
ducts.
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